• Over 200 M domestic vacuum cleaners in the EU consume 18.5 TWh electricity annually.
Introduction
Several studies have assessed life cycle environmental impacts of different electrical appliances and electronic products (Andrae and Andersen, 2010; Song and Li, 2015) . The former include refrigerators (Monfared et al., 2014) , dishwashers (Johansson and Björklund, 2010) , ovens (Mudgal et al., 2011) and washing machines (Ardente and Mathieux, 2014) . The impacts of electronic products studied in the literature include plasma TVs (Feng and Ma, 2009; Hischier and Baudin, 2010) , computers (Choi et al., 2006; Duan et al., 2009; Teehan and Kandlikar, 2012) and monitors (Zhou and Schoenung, 2007) , mobile phones (Andrae and Vaija, 2014 ) and e-books (Jeswani and Azapagic, 2015) . However, the analysis of the life cycle environmental performance of vacuum cleaners has received little attention in literature with few studies available. For example, Lenau and Bey (2001) and Hur et al. (2005) proposed and tested different simplified life cycle assessment (LCA) methodologies using semi-quantitative inventory data of unspecified models of vacuum cleaners as examples. In both studies, the main objective was to compare the proposed methodologies and, therefore, these studies did not provide specific conclusions related to the environmental performance of these devices. A screening LCA on vacuum cleaners (AEA, 2009) was also performed as part of preparatory documents for the development of the European Union (EU) eco-design regulation for vacuum cleaners (European Commission, 2013a) . The main objective of this study was to assess the environmental performance of different types of vacuum cleaner and to identify improvement opportunities. The study was performed with aggregated inventory data provided by manufacturers and specific data obtained by disassembly of certain elements (AEA, 2009 ). Only three environmental impacts were considered (global warming, eutrophication and acidification), in addition to some air emissions and heavy metals which were estimated at the inventory level only. The findings indicated that use of vacuum cleaners was the main hotspot and identified various alternatives to improve their energy efficiency and cleaning performance. However, as far as we are aware, a comprehensive LCA study of vacuum cleaners has not been carried out yet so that it is not known how the use stage affects other impacts and how much the other life cycle stages, such as raw materials and waste management, contribute to these. This is particularly pertinent in light of the European strategy on circular economy which promotes resource efficiency and waste minimisation (European Commission, 2014) .
The power rating of vacuum cleaners has increased markedly since the 1960s, from 500 W to over 2500 W, persuading consumers that a "powerful" cleaner will perform better (AEA, 2009; Biček et al., 2014; Dyson, 2011) . However, higher power does not necessarily lead to a better cleaning performance but does mean a lower energy efficiency, which dropped from 30-35% in the 1970s to below 25% in recent years without noticeable improvements in the cleaning performance (AEA, 2009) .
More than 200 million of domestic vacuum cleaners are currently in use in the European Union (EU), with around 45 million sold annually and a market growth of 9% per year (European Commission, 2013b) . The average annual electricity consumption by these devices in the EU was estimated at 18.5 TWh in 2010 (European Commission, 2013b) , representing 0.6% of the total EU consumption (ENTSO-E, 2011 ) and equivalent to the annual electricity generation by five gas power plants (DECC, 2015) . Vacuum cleaners, therefore, represent an important area of action to help reduce the environmental impacts from households. For that reason, the European Commission (EC) has recently developed an eco-design regulation to encourage manufacturers to produce more energy efficient vacuum cleaners without compromising product performance and economic feasibility (European Commission, 2013a) . The regulation considers only most widely used domestic vacuum cleaners (i.e. upright and canister/cylinder) and excludes others, such as dry and/or wet, robot, battery-operated and floor-polishing devices.
Another important aspect considered by the EC to improve the environmental performance of household appliances is the recycling of waste electrical and electronic equipment (WEEE). The generation and treatment of WEEE is currently a rapidly growing environmental problem in many parts of the world. As the market continues to expand and product innovation cycles become shorter, the replacement of electric and electronic equipment accelerates, making electronic devices a fast-growing source of waste (Kiddee et al., 2013; Premalatha et al., 2014; Robinson, 2009; Song and Li, 2014; Widmer et al., 2005) . To help address this problem, the WEEE directive aims to prevent, re-use, recycle and/or recover these types of waste (European Parliament, 2012) . It also seeks to improve the environmental performance of all players involved in the life cycle of electrical and electronic equipment (producers, distributors and consumers) and, in particular, those involved directly in the collection and treatment of WEEE. Waste prevention and minimisation also contribute directly to improving resource efficiency which is at the core of the European 2020 strategy for creating a smart, sustainable and inclusive economy (European Commission, 2010) .
Therefore, considering these policy drivers, the main objectives of this study are:
• to evaluate life cycle environmental impacts of vacuum cleaners and identify opportunities for improvements; and • to assess the effects at the EU level of the implementation of the ecodesign and WEEE regulations related to vacuum cleaners and provide recommendations for future research and policy.
As far as we are aware, this is the first study of its kind for vacuum cleaners internationally.
Methods
The LCA study has been conducted according to the guidelines in ISO 14040/44 (ISO, 2006a (ISO, , 2006b , following the attributional approach. The assumptions and data are detailed in the following sections, first for the reference vacuum cleaner considered here and then for the study at the EU level.
2.1. Reference vacuum cleaner 2.1.1. System description and boundaries Vacuum cleaners can be broadly categorised as upright and canister/ cylinder type. In the upright design, the cleaning head is permanently connected to the cleaning housing, whereas in the cylinder type, the cleaning head is separated from the vacuum cleaner body, usually by means of a flexible hose. Cylinder vacuum cleaners represent 85% of the European market (AEA, 2009) . Vacuum cleaners can have a disposable bag or they can be bagless with a reusable dust container. The European market shows an upward consumer trend towards low-cost bagless vacuum cleaners with high power rating, most of which are produced in China (AEA, 2009). Therefore, this study focuses on a conventional 1400 W bagless vacuum cleaner, which is representative of the European market for these products.
The scope of the study is from 'cradle to grave', with the following stages considered (Fig. 1 • production: metal stamping and plastic moulding (to obtain the desired shape), production of internal cables, power cord and plug, screen printing, product assembly and packaging; • use: consumption of electricity and replacement of filters;
• end of life: disposal of post-consumer waste; and • transport: raw materials and packaging to the production factory, vacuum cleaner to retailer, end-of-life waste to waste management facility. Consumer transport to and from retailer is not considered because of a large uncertainty related to consumer behaviour and allocation of impacts to a vacuum cleaner relative to other items purchased at the same time. A sensitivity analysis showed that this assumption is robust as the contribution of consumer transport (petrol or diesel car, average distance of 5 km) to the total impacts of a vacuum cleaner is negligible (b0.9%).
The functional unit is defined as the 'use of the vacuum cleaner for 50 h/year over a period of eight years (product lifetime) to clean a typical European household (87 m 2 )'. This definition is based on the specifications provided by the eco-design regulation (European Commission, 2013a) to analyse the energy consumption of vacuum cleaners. In order to assess the effects of the application of the eco-design and WEEE regulations, the environmental impacts are calculated by considering the total number of vacuum cleaners used in the EU28 over a year.
Inventory data
The inventory data for the vacuum cleaner are detailed in Table 1 with an overview of the dismantled product displayed in Fig. 2 . The contribution of the different components to the total weight (61% for plastics, 22% for metals and 17% for packaging) correspond well with the average values provided by the AEA (2009) for vacuum cleaners sold and used in the EU (50% plastics, 20-30% metals and 10-20% for packaging).
Primary production data, including the amount and type of raw and packaging materials and a detailed description of the vacuum cleaner production, have been obtained from a major vacuum cleaner producer. Background data have been sourced from the Ecoinvent v2.2 database (Ecoinvent Centre, 2010) . Open literature sources and GaBi database (Thinkstep, 2015) have been used to fill data gaps if data were not available in Ecoinvent. Further details on the inventory data are provided in the next sections.
2.1.2.1. Raw materials, production and packaging. The dismantled components of the main body and accessories show in Fig. 2 have been individually weighed to estimate the material composition of the vacuum cleaner ( Table 1 ). The total weight of the main body is 3.5 kg. The metallic components (1.2 kg) are made of aluminium (motor and screws), stainless and galvanized steel (motor), brass (plug) and copper (plug, power cord, wire cables and motor). The materials used for the plastic components of the main body (2.3 kg) are PP (external and motor structure), ABS (dust container and structure of air filters), HDPE (air filters) and PVC (plug, power cord and wire cables). Accessories (0.95 kg) are made of EVA (flexible hose, hose collar and handle), PP (floor brush and furniture tool) and HDPE (extension tube). Ecoinvent life cycle data have been used for these components, except for the production of POM, for which the data were not available and have been sourced from Plastics Europe (2014). As the materials are produced in China, Ecoinvent data for the electricity grid in China have been used for all production processes. Injection moulding is assumed for the production of Fig. 1 . System boundaries. different plastic parts. Steel stamping and aluminium cold impact extrusion are assumed for the production of steel and aluminium components, respectively. As no specific processes were available for copper shaping, Ecoinvent data for generic metal shaping have been considered.
The primary packaging of the vacuum cleaner consists of a folding cardboard box, two cardboard trays, one interior protective cardboard and several plastic (polyethylene) bags to protect the accessories (Fig. 3) . Inventory data for the board folding and production of the box with offset printing have been used for the folding box. The trays and cardboard have been modelled using data for corrugated board (mixed fibre) and PE film has been used for the plastic bags. Data from Ecoinvent have been used for all packaging.
The following assumptions have been made to fill data gaps and adapt some datasets:
• For power cord and plug, Ecoinvent data for production of the computer cable have been adapted. The power cord H05VVH2-F 2 × 0.75 mm 2 has been assumed, with a weight of 14 g/m of copper instead of the 19.5 g/m in a regular computer cable, based on own measurements. For the plug, the Ecoinvent dataset has been modified to reflect the actual mass of different materials (22 g of PVC, 20 g of brass and 3 g of copper).
• Data for electricity and water consumption for vacuum cleaner assembly and packaging have been obtained from AEA (2009).
Use.
Based on an average use of 50 h/year and an expected life of eight years, the estimated electricity consumption during the lifetime of the vacuum cleaner with the power rating of 1400 W is equal to 560 kWh. The inventory data for electricity generation for the EU28 have been obtained from the European Network of Transmission System Operators for Electricity (ENTSO-E) to model the EU electricity mix (ENTSO-E, 2014a); see Table S1 in Supporting information. The data correspond to the year 2013, which is considered here as the base year. For filter replacements, it has been assumed that air filter is changed once every two years (or after 100 h of use), as recommended by manufacturers.
End of life.
The following assumptions have been made for the end-of-life stage for the main body of the vacuum cleaner:
• For metal waste, 95% recycling rate has been assumed (AEA, 2009; Kemna et al., 2011) and Ecoinvent data have been used to model the recycling process. The system has been credited for recycling by subtracting the equivalent environmental impacts of virgin metals, while also including the impacts from the recycling process. Based on the 'net scrap' approach (Bergsma and Sevenster, 2013) , the credits have only been considered for the percentage of recycled metals that exceeds the recycled content in the original raw material. For example, copper is made up of 44% recycled and 56% virgin metal so that the system has been credited for recycling 51% of copper (95% minus 44%) at the end of life. A similar approach has been applied for steel and aluminium.
• In the case of plastics (PVC, PP, ABS, POM and HPDE), plastic disposal data for Europe in 2012 have been assumed: 26% recycling, 36% incineration with energy recovery and 38% landfilling (Plastics Europe, 2015) . The system has been credited for recycled materials using the approach described above. For recycling, data from Schmidt (2012) have been modelled, but using the EU28 electricity mix in 2013 (ENTSO-E, 2014a). The same electricity mix has been used to credit the avoided impacts for the recovered electricity from incineration of plastic waste. The GaBi database has been used for these purposes since these data are not available in Ecoinvent. All polyethylene bags are assumed to be landfilled, using life cycle inventory data from Ecoinvent.
• For the cardboard packaging, the latest available packaging disposal data (for the EU27 in 2012) have been assumed as follows: 84% recycling, 7% incineration with energy recovery and 9% landfilling (Eurostat, 2015a) . Since the cardboard packaging is mostly made from recycled material, no credits for the avoided material have been considered.
The WEEE directive established that for small household appliances, including vacuum cleaners, the rate of recovery should be 70% and at least 50% of the weight of appliance shall be recycled (European Parliament, 2012) . Considering the assumptions made in this study, 73% of the weight of the vacuum cleaner is recovered at the end of life (50% is recycled and 23% incinerated with energy recovery), which is in compliance with the directive.
2.1.2.4. Transport. The transport details can be found in Table 1 . If not specified in databases, the raw materials and the packaging are assumed to travel for a distance of 150 km to the factory in 16-32 t Euro 3 truck. After the production and packaging in China, the vacuum cleaner is shipped to Europe. The transport distances have been estimated considering shipping by a transoceanic tanker (19,500 km) between major container ports in China (Shanghai) and Europe (Rotterdam) (Sea Distance, 2016; World Ship Council, 2013) and then road transport by a 16-32 t Euro 5 truck to a distribution centre in Munich (830 km), representing geographically a central point of the EU. Generic distances of 150 km have been used for transport from production factory to port of Shanghai (16-32 t Euro 3 truck) and from distribution centre to retailer (16-32 t Euro 5 truck). For the transportation of waste to final disposal, a distance of 50 km (for landfilling) and 100 km (for incineration and recycling) in a 16-32 t Euro 5 truck have been assumed. The Ecoinvent database has been used for the background transport data. 
The EU level: current situation and a future scenario
This section gives an overview of the assumptions for the study at the EU28 level, carried out to evaluate possible implications of the implementation of the eco-design regulation (European Commission, 2013a) and the WEEE directive (European Parliament, 2012) . Two timelines are considered for these purposes: i) current situation (2013) and ii) a future scenario for the year 2020. In both cases, the impacts have been estimated for all vacuum cleaners in use in the EU28 countries over a year.
As shown in Table 2 , a number of different parameters have been considered, including power ratings and end-of-life options for vacuum cleaners as they are affected by both regulations. Furthermore, since electricity consumption is the main hotspot in the life cycle of vacuum cleaners, different electricity mixes are considered, assuming a lower carbon intensity in 2020 than at present (European Parliament and Council of European Union, 2009). Finally, a different number of vacuum cleaners in use have also been considered. These assumptions are explained in more detail in the next two sections.
Current situation
The following assumptions have been made for the key parameters for the current situation:
• Average power rating: according to the European Commission (2013b), the average power rating of vacuum cleaners in the EU was 1739 W in 2010, with an average annual increase of 2.5%. Thus, the average power rating of 1873 W has been assumed for 2013.
• Electricity mix: 2013 electricity mix for the EU28 countries as described in Section 2.1.2.2 has been considered.
• Number of vacuum cleaners in use: based on the number of households in the EU28 countries in 2013 (Eurostat, 2015b) and assuming one vacuum cleaner per household (Huisman et al., 2008) , it is estimated that 213.84 million cleaners were in use that year.
• End-of-life disposal: waste options described in Section 2.1.2.3 have been used.
A future scenario
By 2020, both the eco-design and the WEEE regulations will be fully implemented, therefore, the future scenario has been modelled for the year 2020. The key parameters for this scenario are estimated as below:
• Average power rating: The eco-design regulation establishes that new vacuum cleaners marketed after 1 September 2014 should have a power rating below 1600 W and those marketed after 1 September of 2017 should be below 900 W. Given that the mix of new and old vacuum cleaners will be in use in 2020, an average power rating of 1060 W has been assumed, based on the following: i) an average power value of 1400 W for vacuum cleaners produced between 2014 and 2016 and 800 W for 2017-2020; ii) an expected lifespan of eight years, equivalent to the annual substitution rate of 12.5% (European Commission, 2013b) and iii) 9% increase in sales each year (European Commission, 2013b).
• Electricity mix: the most feasible scenario for decarbonising the EU28 electricity mix by 2020 projected by ENTSO-E (2014b) has been considered (see Table S1 in Supporting information).
• Number of vacuum cleaners in use: to estimate the total amount of vacuum cleaners in use in 2020, the same approach has been used as for the current situation. Considering the number of households in the EU28 countries in 2013 (Eurostat, 2015b) and 1% annual growth (European Commission, 2013b) , it is estimated that 229.26 million of vacuum cleaners will be in use in 2020.
• End-of-life disposal: If the WEEE directive is fully implemented by 2020, small appliances such as vacuum cleaners should have a rate of recovery of 80% and, at least, 70% shall be recycled. To achieve these rates, and considering that the actual recycling ratio of metals is already high (95%), future changes in recovery and recycling will be focused mainly on plastic components. Thus, to achieve the above rates, a minimum of 57% of plastics must be recycled and 15% incinerated with energy recovery, with the rest being landfilled. These rates have been applied to the plastic materials making up the main body of the vacuum cleaner (PVC, PP, ABS, POM and HPDE). Note that the WEEE directive affects only the electronic section of products, hence the consideration of the plastics in the main body. For the other parts, (accessories, filters and packaging), no changes in waste treatment have been considered because of the lack of specific data or regulation on recycling. To evaluate the effects of the WEEE directive, a scenario with 100% landfilling of the main body and accessories has been used as a reference case for comparison.
Other assumptions
The other assumptions for the current situation and the future scenario are as follows:
• The same inventory data for the raw materials, packaging, production and transport presented in Section 2.1.2 have been used for both the current situation and the future scenario. The vacuum cleaner is representative of the actual European vacuum cleaners and, therefore, its inventory data are considered to be accurate for the current situation. However, development of new technologies to achieve the same cleaning efficiencies with less power can have environmental implications, especially in the manufacturing of future vacuum cleaner models. These developments do not necessarily imply an increase of environmental impacts, because, for example, a tendency to use less material has been observed in recently developed vacuum cleaners according to new regulations (Biček et al., 2014; European Commission, 2013b) . Taking this tendency into account, the assumption made here for the same amount of materials used in the future as today can be considered as a worst case scenario.
• For both the current situation and the future scenario, the lifetime of eight years has been assumed for the vacuum cleaners. However, the European Commission (2013b) stated that it is possible that the life expectancy of the average vacuum cleaner in 2020 would be reduced to five years. The effect of this assumption has been tested through a sensitivity analysis.
• For end of life, the same assumptions have been made for all vacuum cleaners. However, it can be argued that the recyclability can vary from one model to another. To explore the significance of this assumption, a sensitivity analysis considers an extreme situation with all the waste landfilled by 2020. • The EU average electricity mix has been considered in the analysis; however, the electricity profile can vary highly from one country to another. Therefore, a sensitivity analysis has been conducted considering country-specific electricity mixes in 2020 for different countries.
Environmental impact assessment
GaBi 6.5 software (Thinkstep, 2015) has been used to model the system and the CML 2001 (April 2013 version) mid-point impact assessment method (Guinee et al., 2001 ) has been applied to calculate the environmental impacts of the vacuum cleaner. The following impacts are considered: abiotic depletion potential of elements (ADP elements ), abiotic depletion potential of fossil resources (ADP fossil ), acidification potential (AP), eutrophication potential (EP), global warming potential (GWP), human toxicity potential (HTP), marine aquatic ecotoxicity potential (MAETP), freshwater aquatic ecotoxicity potential (FAETP), ozone depletion potential (ODP), photochemical oxidants creation potential (POCP) and terrestrial ecotoxicity potential (TETP). In addition to the CML impact categories, primary energy demand (PED) has also been calculated.
Results and discussion
The results are first discussed for the reference vacuum cleaner, followed by the impacts at the EU28 level.
Reference vacuum cleaner
The environmental impacts of the reference vacuum cleaner and the contribution of different life cycle stages are shown in Fig. 4 and Table S2 (Supporting information), respectively. For example, over its lifetime the vacuum cleaner will use 7.5 GJ of primary energy and emit 312 kg CO 2 eq. The use stage is the major contributor (N78%) to most impact categories, except for the ADP elements and HTP to which it contributes 62% and 68%, respectively. The impacts are almost entirely due to the consumption of electricity by the vacuum cleaner, partly because of the high energy usage over its lifetime and partly because of the dominance of fossil fuels in the electricity mix (Table S1 in Supporting [The values shown on top of each bar represent the total impact after the system credits have been applied and should be multiplied by the factor shown in brackets for some impacts to obtain the original values. Raw materials include the packaging. ADP e. : abiotic depletion potential of elements, ADP f. : abiotic depletion potential of fossil resources, AP: acidification potential, EP: eutrophication potential, GWP: global warming potential, HTP: human toxicity potential, MAETP: marine aquatic ecotoxicity potential, FAETP: freshwater aquatic ecotoxicity potential, ODP: ozone layer depletion potential, POCP: photochemical oxidants creation potential, TETP: terrestrial ecotoxicity potential, PED: primary energy demand. DCB: dichlorobenzene]. information), particularly coal which is the main contributor to the ADP fossil , AP, GWP, EP, FAETP, HTP, MAETP and POCP (Table S2 in Supporting information). As can also be seen in Fig. 4 , the raw materials used to manufacture the vacuum cleaner are important contributors to the ADP elements (32%), HTP (28%) and TETP (18%). Most of these impacts are associated with the use of copper and stainless steel. The manufacturing process for vacuum cleaners has significant contribution only for the ODP (15%), mainly owing to the emissions of halogen organic compounds (Freon 12) from the solvents used in the moulding of plastic components. The contribution of manufacturing to some other categories, such as the AP, POCP and GWP, is relatively small (11%, 10% and 7%, respectively) and even lower for the rest of the impacts. Transportation has no significant influence in any of the categories considered, with contributions below 1.5% for all indicators. The end-of-life disposal of the vacuum cleaner has an overall positive effect on the impacts because of the recycling credits, particularly for copper and stainless steel which affect the ADP elements , HTP and TETP most significantly.
Current situation and the future scenario
The potential environmental impacts of vacuum cleaners in 2013 and 2020 across the EU28 are compared in Table 3 . The results for the future scenario also show the variations related to the implementation of the eco-design and WEEE regulations, the assumed changes in the European electricity mix and the projected increase in the number of units in use.
As can be seen from Table 3 , all the impacts would decrease by 2020 under the assumptions made here. The only exception to this is the ADP elements which is expected to increase by around 4%. Even though the implementation of the eco-design regulation will result in a significant reduction of this impact (by 37% compared to the current situation), this is offset by the increase associated with the change in the electricity mix (34%) and the expected rise in the number of vacuum cleaners in 2020 (7%) The expected improvements to the ADP elements related to the WEEE directive are negligible. The increase in the impact associated with the electricity mix change is mainly due to the assumed increase in the number of solar photovoltaic panels which are manufactured using scarce elements, such as tellurium and silver.
As also indicated in Table 3 , the other environmental impacts would be reduced by 20%-57% in 2020 as compared to 2013. For example, the GWP is expected to be 44% lower than at present, saving 4824 kt CO 2 eq./year. To put these results in context, based on the data from the EU Joint Research Centre (2014) , this reduction in CO 2 eq. is equivalent to the annual GHG emissions of Bahamas (4865 kt CO 2 in 2012) and 2.5 times the emissions of Malta (1921 kt CO 2 /year). This is mainly due to the improvements in the energy efficiency related to the implementation of the eco-design regulation (4626 kt CO 2 eq./ year) and to a lesser extent due to the decarbonisation of the electricity mix (983 kt CO 2 eq./year). Compared to these reductions, the decrease in the GWP associated with the implementation of the WEEE directive is small (76 kt CO 2 eq.). On the other hand, the expected rise in the number of vacuum cleaners would increase the GWP by 784 kt CO 2 eq./year. Therefore, the implementation of the eco-design regulation and decarbonisation of the EU electricity mix could compensate the annual GHG emissions of a whole country like Bahamas.
Similar to the GWP, the most substantial reduction in the other impacts is due to the improvements in the energy efficiency of vacuum cleaners. Further notable improvements would be achieved through the decrease in the share of coal and increase of renewable electricity in the European electricity mix by 2020, particularly for the AP, EP, FAETP and MAETP. However, as shown in Table S3 in Supporting information, the change in the electricity mix would increase the ODP of electricity generation by 24%. This is due to the higher use of natural gas (related to emissions of halogenated gases used as fire suppressants in gas pipelines). Therefore, the expected reduction for this impact in 2020 is lower than for the others (20%). The reduction in the TETP is also lower (35%) because the impact rise for the 2020 electricity mix associated with the increased share of wind power (related to the chromium emissions in the production of stainless steel) is offset by the lower contribution of lignite and hard coal (less heavy metals emitted during burning) and nuclear energy (decrease of air emissions of arsenic associated with uranium mining tailings). This means that the TETP from electricity remains largely unchanged in 2020 (Table S3 in Supporting information). Therefore, the improvements in this impact category are only affected by the increase in energy efficiency associated with the eco-design regulation.
The following sections discuss in more detail the variation in the impacts associated with the eco-design regulation and the WEEE directive.
Effects of the implementation of the eco-design regulation
As discussed in the introduction, a tendency to increase the power rating of vacuum cleaners has been observed in European countries in recent years. In the absence of the EU eco-design regulation, this trend would likely continue so that by 2020 the average power of vacuum cleaners would be 2337 W (European Commission, 2013b). Consequently, the environmental impacts of vacuum cleaners in the EU28 would be 82%-109% higher by 2020 as compared to the impacts with the implementation of this regulation (Fig. 5) . To put this in context, for the example of the GWP, the implementation of this regulation would lead to a reduction in GHG emissions of 6100 kt CO 2 eq./year which is equivalent to the emissions of the whole country of Guyana in 2012 (Joint Research Centre, 2014) .
Effects of the implementation of the WEEE directive
As mentioned in Section 3.2, the implementation of the WEEE directive would also reduce the environmental impacts of vacuum cleaners by 2020; however, the reductions are small in comparison to the reductions related to the eco-design regulation. Nevertheless, similar to the discussion on the absence of the eco-design regulation in the previous section, it is important to find out how the impacts would change if there was no WEEE directive. For these purposes, it is assumed that there is no recycling of vacuum cleaners or their incineration to recover energy, with the main body and the accessories being landfilled.
These impacts are compared in Fig. 6 to those with the WEEE directive being implemented for the year 2020. Although this is an extreme scenario, only four of the 12 impacts (ADP elements , FAETP, HTP and TETP) would increase by N 10% as compared to the expected situation in 2020 with the implementation of the directive. All other impacts would increase by 2%-9%. Although these reductions appear minor, considering the large number of vacuum cleaners expected to be in operation in the EU in 2020 (229.26 million), the overall environmental benefits would still be considerable. For example, the implementation of the WEEE directive across the EU28 countries would save 76 kt CO 2 eq. (relative to 2013) and 220 kt CO 2 eq. (compared to no WEEE directive). This is equivalent to the GHG emissions generated annually by around 67,500 and 195,500 light duty vehicles, respectively, assuming an average CO 2 emission of 90 g/km and a distance of 12,500 km/year (Winkler et al., 2014) . Furthermore, possible future trends, such as lower lifetime expectancy, reduced availability of some raw materials or even greater improvements in energy efficiency or the electricity mix, can increase the relative environmental importance of recycling the vacuum cleaners.
Sensitivity analysis

Country specific electricity mix
The analysis so far has been based on the average EU28 electricity mix. To explore the effect this assumption may have on the impacts, four EU countries with very different electricity mix are considered as part of the sensitivity analysis: i) Poland (mainly coal, 70.5%), ii) France (mainly nuclear, 47.4%), iii) Denmark (mainly renewables, 81.5%, of which 53% is wind) and iv) Ireland (mainly natural gas, 37.7%); for details, see Table S1 in Supporting information. As previously, 2020 is taken as the reference year and the annual impacts are estimated considering the use of a vacuum cleaner for 50 h/year. Owing to a lack of data on the average power of vacuum cleaners at national levels, the average power of the vacuum cleaner (1060 W) is assumed. All other assumptions are the same as for the reference vacuum cleaner.
The results in Fig. 7 suggest that in countries where electricity is dominated by coal (as in Poland), 10 out of 12 impacts of the vacuum cleaner are higher compared to the EU28 average. The greatest increase (N110%) is found for the AP, EP, FAETP, GWP, MAETP and POCP. On the other hand, a higher share of natural gas in the electricity mix (like in Ireland), results in six impacts (ADP elements , EP, FAETP, HTP, MAETP and PED) being lower relative to the EU28 average; however, the other impacts are higher. Finally, the use of renewable or nucleardominated electricity (Denmark and France, respectively) leads to significantly lower impacts for 10 out of the 12 analysed categories. This is due to the reduced use of fossil fuels, with the largest reductions in the ADP fossil , EP, FAETP, GWP and MAETP. This demonstrates that the effect of energy efficiency measures, such as those in the eco-design regulation, can be greater if accompanied by electricity decarbonisation. On the other hand, for countries which already have a low-carbon grid, the environmental benefits of energy efficiency are lower, but nevertheless still significant.
Reduced lifetime expectancy
In the above analyses, an estimated lifetime of eight years has been considered for the vacuum cleaners. However, as mentioned earlier, the life expectancy of an average vacuum cleaner could be reduced to five years by 2020 (European Commission, 2013b) Therefore, the effect of this reduction on the environmental impacts is considered here.
The results suggest that a decrease in the service life of vacuum cleaners would cause a modest increase in impacts, 10%-20% for seven categories and b 10% in the other five. As shown in Fig. 8 , the highest increase would occur for the HTP, which would rise by 19% and the smallest for the PED (6%). These findings are perhaps not surprising as the impacts are dominated by the use stage. However, as the energy efficiency measures take hold and future electricity mix becomes less carbon intensive, the importance of the lifetime of vacuum cleaners as well as the other life cycle stages may increase. To illustrate the point, we consider the contribution of different life cycle stages to the impacts of vacuum cleaners with the life expectancy of five years.
As can be observed in Table 4 , the raw materials and vacuum cleaner production are jointly responsible for over 19% of the impact for each category considered. For the ADP elements and HTP, the combined contribution of these two stages is twice as high (N40%). Similarly, for these two categories, the contribution of waste management related to the improved end-of-life waste management (in line with the WEEE directive) is important, reducing the total impacts by over 20%. This suggests that the possible reduction in the lifespan of vacuum cleaners, along with the increased energy efficiency and future electricity decarbonisation, could increase the relative importance of the raw materials, production and waste management stages. Therefore, even though further energy efficiency improvements will be necessary, optimising the use of raw materials, production processes and disposal of waste should also be considered to help achieve greater environmental improvements in the life cycle of vacuum cleaners (and other devices).
Conclusions and recommendations
This paper has presented for the first time a comprehensive study of life cycle environmental impacts of vacuum cleaners and discussed the implications in the EU context. Electricity consumption during the use stage is currently the main contributor to all impact categories in the life cycle of a vacuum cleaner. However, the raw materials (especially copper and stainless steel) and end-of-life disposal can be considered hotspots for the depletion of scarce elements, human toxicity and terrestrial ecotoxicity, and the production stage for the depletion of the ozone layer. These results demonstrate that environmental impact studies of vacuum cleaners and other energy-using products must consider all stages in the life cycle and not just their use, to avoid solving one environmental problem at the expense of others. This study has also considered the impacts of vacuum cleaners at the European level (EU28) taking into account the effects of two EU laws (the eco-design regulation and the WEEE directive) as well as the expected decarbonisation of electricity and the projected increase in the number of units in use. By 2020, the combined effect of these parameters could amount to a 20%-57% reduction in the environmental impacts as compared to the current situation, with the global warming potential being 44% lower than today. The exception to this is depletion of elements, which will increase by around 4% on the present value.
The implementation of the eco-design regulation alone would improve significantly the environmental performance of vacuum cleaners by 2020 compared with current situation, with all the impacts reduced from 37% for the depletion of elements to 44% for eutrophication and primary energy demand. On the other hand, if the regulation was not implemented and business as usual continued, the impacts would be 82%-109% higher by 2020 compared to the impacts with the implementation of the regulation. This would, for example, mean the additional emissions of GHG equivalent to 6100 kt CO 2 eq./year.
Improvements associated with the implementation of the WEEE directive are much smaller (b1%) compared to the current situation than those achievable by the eco-design regulation. However, if the WEEE directive did not exist, then the impacts would be 2%-21% higher. Although this increase may sound small, it is still significant given the number of vacuum cleaners in use; for instance, the global warming would increase by 220 kt CO 2 eq./year.
Electricity decarbonisation would help to reduce the impacts of vacuum cleaners for all of the categories considered, except for the depletion of elements and the ozone layer. The former would increase because of the use of scarce metals for solar photovoltaics and the latter because of a higher share of natural gas in the electricity mix. Related to this, the environmental impacts of vacuum cleaners at a country level depend on the national electricity mix, with those based on renewable and nuclear power having lower impacts than those with fossil fuels. Therefore, policy measures addressing energy efficiency (such as the eco-design regulation) must be accompanied by appropriate actions to reduce the impacts of electricity generation, otherwise their benefits could be limited.
Because of possible future trends, such as shorter lifetime of vacuum cleaners, reduced availability of some raw materials or greater improvements in energy efficiency or electricity generation, in addition to the use stage, it will be important to focus future efforts on understanding the impacts from other parts of the life cycle, including raw materials, manufacture and waste treatment. As the results of this study demonstrate, any improvements in these stages will result in significant environmental benefits, as the number of vacuum cleaners in use in Europe is expected to increase in the future. Further studies of possible improvements in these life cycle stages based on eco-design principles are recommended for future research. Furthermore, reuse and refurbishing of vacuum cleaners could be evaluated to identify opportunities for environmental improvements. Finally, the impacts of other types of vacuum cleaner (e.g. battery operated, robot, industrial, etc.) currently not covered by any specific EU regulation should be considered in future studies to help inform policy development.
